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Short-term physical training enhances mirror system activation to action
observation
Victoria E. A. Brunsdon , Elisabeth E. F. Bradford , Laura Smith and Heather J. Ferguson
School of Psychology, University of Kent, Canterbury, UK
ABSTRACT
The mirroring of actions is performed by a specialized system of neurons found in the sensor-
imotor cortex, termed the mirror neuron system. This system is considered an important mechan-
ism that facilitates social understanding. We present a pre-registered experiment that used EEG
to investigate whether short-term training via physical rehearsal or observational learning elicit
distinct changes in mirror neuron activity for unfamiliar hand actions, and whether these training
eﬀects are inﬂuenced by the degree of familiarity (i.e., the frequency of action repetitions during
training). Sixty adults completed a pre- and post-training EEG action observation task. Half of the
participants completed 30 min of execution training (i.e., observing and performing unfamiliar
hand actions), and half completed observation-only training (i.e., observing unfamiliar hand
actions being performed). Post-training familiarity was manipulated by varying the number of
training repetitions for each hand action (from 0 to 50 repetitions). Results revealed that
sensorimotor cortex activity to the observation of hand actions increased following execution
training, but did not change when training was simply observational. Moreover, the frequency of
training repetitions did not modulate sensorimotor cortex activation after training, suggesting
that short-term physical rehearsal enhances general processes involved in action understanding,
rather than speciﬁc motor representations.
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When a person executes or observes another person
performing a motor action, a specialized system of
neurons in the sensorimotor cortex ﬁres to “mirror”
this action and form a motor representation of the
action. This system is considered an important mechan-
ism for understanding others’ actions and intentions
(Gallese, Keysers, & Rizzolatti, 2004), and is therefore
crucial to understanding how humans succeed in the
social world. For example, the mirror system has been
implicated as a key mechanism in social cognitive pro-
cesses, such as imitation (Catmur, Walsh, & Heyes,
2009), theory of mind (Gallese & Goldman, 1998), self-
awareness (Oberman & Ramachandran, 2008) and
empathy (Gallese, 2001). There is now abundant evi-
dence for a mirror neuron system in humans (Fox et al.,
2016), wherein only motor actions that are part of the
person’s motor repertoire activate the mirror system
(Calvo-Merino, Glaser, Grezes, Passingham, & Haggard,
2005; Calvo-Merino, Grezes, Glaser, Passingham, &
Haggard, 2006). Experience with motor actions also
has a crucial role in modulating the function of the
mirror system (e.g., Cannon et al., 2014). The current
study therefore investigated whether short-term train-
ing of unfamiliar hand actions via physical rehearsal or
observational learning modulate distinct changes in the
activity of the mirror system, thus reﬂecting social learn-
ing. In addition, we directly manipulated the degree of
post-training familiarity with hand actions by varying
the number of training repetitions for each hand action.
This allowed us to test whether short-term training
eﬀects on the mirror system are operationalized by
enhancements in general sensorimotor experience or
speciﬁc motor representations.
The current study uses electroencephalography
(EEG) methods to investigate the mirror system (see
Fox et al., 2016). At rest, the sensorimotor cortex ﬁres
in synchrony, but during both action execution and
observation, the ﬁring of neurons in the sensorimotor
cortex becomes desynchronized, reﬂecting cortical
activity (Fox et al., 2016). This leads to the desynchro-
nization of the mu rhythm (an EEG oscillation between
8 and 13 Hz; Hari, Salmelin, Makela, Salenius, & Helle,
1997) over sensorimotor areas, which is thought to
reﬂect the activation of the mirror system (Pineda,
2005). Mirror neuron studies have also considered
beta oscillations from 13 to 35 Hz (e.g., Hobson &
Bishop, 2017; Puzzo, Cooper, Cantarella, & Russo,
2011), as the mu rhythm appears to consist of two
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spectral peaks at ~10 Hz and ~20 Hz (Hari, 2006). There
has been a recent debate in the mirror neuron literature
regarding the distinction between mu rhythm and
alpha activity, since both are composed of the same
frequency bands (Bowman et al., 2017; Fox et al., 2016;
Hobson & Bishop, 2017). Therefore, this study consid-
ered both alpha and beta desynchronization as a proxy
of mirror system activation and distinguished mu and
alpha based on their topography, with mu originating
from central areas overlying the sensorimotor cortex,
and alpha originating from occipital areas.
The mirroring of others’ actions involves activating
the corresponding motor representation in the sensor-
imotor cortex when observing another person’s action.
Heyes and colleagues have suggested that the mirror
system is conﬁgured through sensorimotor learning,
i.e., through the repeated co-occurrence between
a sensory input and motor output (Catmur et al., 2008;
Catmur & Heyes, 2013; Catmur, Walsh, & Heyes, 2007;
Catmur et al., 2009; Heyes, 2001). Infants as young as 8
months old have been found to be sensitive to con-
tingencies between actions and eﬀects (e.g., Paulus,
Hunnius, van Elk, & Bekkering, 2012). Paulus et al.
(2012) trained 8-month-olds to use a novel rattle that
produced a speciﬁc sound when rattled. After 1 week’s
training, the action-related sound of the trained rattle
and two sounds of untrained rattles were played. The
infants displayed increased mu desynchronization
when listening to the action-related sound as com-
pared to the other two sounds. This ﬁnding suggests
that through active experience with contingencies
between actions and eﬀects, infants map others’
actions onto their own motor representations in the
sensorimotor cortex.
The strong top-down eﬀect of experience with motor
actions has also been shown among adults, with fMRI
studies revealing that experts show greater activation in
the mirror system to the actions that they are an expert in
performing, such as in dance (Calvo-Merino et al., 2005,
2006; Cross, Hamilton, & Grafton, 2006; Cross, Hamilton,
Kraemer, Kelley, & Grafton, 2009a; Cross, Kraemer,
Hamilton, Kelley, & Grafton, 2009b) and sports (Abreu
et al., 2012; Kim et al., 2011; Wright, Bishop, Jackson, &
Abernethy, 2010). The majority of this research has
focused on individuals with established levels of expertise
for speciﬁc motor actions, with this expertise typically
acquired over prolonged periods of training and experi-
ence. For example, in Calvo-Merino et al. (2006)’s study,
ballet dancers showed greater activation in the mirror
neuron system compared to novices while watching
videos of ballet moves. Moreover, this activation was
greater when participants were viewing dance moves
from their own motor repertoire, i.e., female dancers
showed greater mirror system activation to female-
speciﬁc dance moves compared to male-speciﬁc dance
moves. In another study, Liew, Han, and Aziz-Zadeh (2010)
used fMRI to show that distinct brain responses are acti-
vated when viewing actors perform symbolic hand ges-
tures, depending on participants’ familiarity with that
motor action. Speciﬁcally, although both familiar and
unfamiliar gestures activated the mirror system relative
to still images, the mentalizing system (particularly the
posterior cingulate cortex, involved in reasoning of others’
perspectives) was preferentially activated during the
observation of familiar gestures (likely reﬂecting the pro-
cess of inferring intentions), and the mirror system
(involved in automatic motor simulations of observed
actions) was preferentially activated during observation
of unfamiliar gestures.
Much less research has explored the impact of
shorter-term training interventions among non-expert
participants. In one study, Cross et al. (2009b) employed
a 5-day dance training procedure, and found that
highly familiar stimuli that was either executed or
observed during training elicited greater activation in
a subset of the mirror system compared to unfamiliar,
untrained stimuli, suggesting that both active and pas-
sive experience with actions modulates activity over
a common network in the mirror system. Similarly,
Cannon et al. (2014) tested the impact of action training
over a 9-month period, comparing a group of expert
performers who were trained to use and perform an
action using a tool with a group of expert observers
who simply watched and coded videos of actions per-
formed with the tool, and a group of untrained novices.
Though all groups showed mu desynchronization over
the sensorimotor cortex when viewing the tool-use
action, this eﬀect was signiﬁcantly larger in the group
who physically performed this action during training,
suggesting that mirror system activity is enhanced by
active experience performing an action. However, this
study suﬀered from numerous limitations. It was largely
underpowered (N = 33 across three between-groups
training conditions), and the robustness of the design
can be disputed since no pre-training baseline was
measured, experience with the action was not directly
manipulated, and only one action was used. Therefore,
the current study makes an important contribution to
our understanding of how active versus passive experi-
ence with actions inﬂuences sensorimotor cortex acti-
vation by employing a tightly controlled experimental
design, and a much shorter and more intensive training
period than previously used (30 min vs. 9 months in
Cannon et al., 2014, or 5 days in Cross et al., 2009b).
A related, and to date overlooked, question is whether
activity in the mirror neuron system is sensitive to the
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degree of familiarity/expertise that an individual has for
a speciﬁc motor action, rather than a binary contrast in
familiarity/expertise. The current study addressed this
question directly by manipulating the frequency with
which participants were trained on a speciﬁc action
(between 0 and 50 repetitions).
In sum, the current study explored whether and how
sensorimotor cortex activity to action observation is
modulated by experience. We used EEG to compare
activity over the sensorimotor cortex before and after
a 30-min training task, where individuals either exe-
cuted unfamiliar hand actions (execution training) or
observed unfamiliar hand actions being performed
(observation-only training). The number of training
repetitions was manipulated to test whether action
familiarity has a graded eﬀect on the mirror system.
First, we predicted that there would be greater sensor-
imotor alpha and beta desynchronization during hand
action observation compared to static hand observa-
tion for both training conditions, consistent with the
mirror neuron hypothesis. Second, in line with research
that has shown increased mirror system activity for
familiar/trained actions (e.g., Calvo-Merino et al., 2005,
2006; Cross et al., 2006, 2009a, 2009b), we predicted
that alpha and beta desynchronization to hand action
observation would increase from pre- to post-training.
Since these previous studies revealed contrasting inﬂu-
ences of active and passive training, we tested whether
short-term training eﬀects are evident following both
physical execution and observational learning (as in
Cross et al., 2009b), or whether training only emerges
following execution training (as in Cannon et al., 2014).
Finally, based on expertise studies that have demon-
strated increased mirror system activation to the obser-
vation of familiar actions, we predicted that there
would be an interaction between the number of train-
ing repetitions and training group for the action-static
diﬀerence in alpha and beta power in the post-training
task to the observation of these actions. Speciﬁcally, we
predicted a greater action-static diﬀerence in the post-
training task for actions that were repeated at a higher
frequency only in the execution training group.
Method
The Methods and Analyzes for this study were pre-
registered at https://osf.io/2upbj.
Participants
In total, 67 participants completed this study.
Participants were recruited from the university’s
research participation scheme and through email
advertisements. All participants were ﬂuent English-
speakers, had a normal or corrected-to-normal vision,
had no known neurological disorders, and had no men-
tal health or autism spectrum disorder diagnoses. The
participants’ consent was obtained according to the
Declaration of Helsinki, and the study was approved
by the Ethical Committee of the School of Psychology,
University of Kent.
From the original sample, three participants were
excluded due to excessive noise on the EEG recordings
and four participants were excluded due to too few
segments (less than two-thirds of segments remaining).
The ﬁnal sample consisted of 60 participants in total,
with 30 participants in the execution training group
[age range 18–30 years, mean age 20.70 years; 22
females] and 30 participants in the observation training
group [age range 18–39 years, mean age 22.13 years; 20
females].
Stimuli
For the training tasks, stimuli consisted of six 10-s video
clips depicting a novel hand action (see Table 1 for
descriptions) and an image of a static hand. These
video clips were reduced to 3 s in length for the pre-
and post-training tasks. All videos were presented in
color with a resolution of 320 × 240 pixels and a frame
rate of 25 frames per second.
During the training-execution task, the objects used
in the videos were available to the participant. These
objects were a yellow spongy ball, a desk bell, a small
replica rugby ball, a pair of scissors and a long, cater-
pillar toy. These objects were placed on an A4 image of
the object stimuli so that participants could locate and
put back the object for each training repetition.
Procedure
After reading the information sheet and signing the
consent form, the Acticap was applied and set up for
recording. Participants completed three tasks: pre-
Table 1. A description of the unfamiliar hand actions per-
formed in the videos and performed by the participants in
the execution group.
Action 1 A ball is squeezed with all ﬁngers on both hands and then
rotated in the squeeze
Action 2 A desk bell is rung with the back of the hand
Action 3 The index ﬁnger and little ﬁnger move outwards, then the
index and middle ﬁnger move in opposite way to the
little and ring ﬁnger
Action 4 A ball is in-between both hands and rotated back and forth
Action 5 A pair of scissors are opened and closed with two little
ﬁngers
Action 6 A long toy is twirled between ﬁngers on one hand
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training, training and post-training, with EEG recorded
during the pre- and post-training tasks only.
Pre-training task
Initially, participants performed a resting EEG as a baseline
for 2 min which involved ﬁxating a central cross on a gray
screen. After a self-directed break, participants watched
video clips, with a total of 90 experimental trials. Trials
consisted of a 1000 ms ﬁxation cross; then, a 3000 ms
video clip, ending with a 1000–3000 ms blank screen (the
inter-trial interval was variable to prevent expectancy
eﬀects on mu rhythm). Each hand action video clip was
shown 10 times with a total of 60 hand action trials. The
static hand video clip was shown 30 times with a total of
30 static hand trials. Trials were presented in
a randomized order over three blocks of 30 trials, each
with a self-directed break in-between blocks.
Training task
Half of the participants completed a training-execution
task and the other half completed a training-
observation task.
For the training-execution task, trials consisted of
a 1000 ms ﬁxation cross, then a 10,000 ms video clip,
ending with a 2000 ms blank screen. The objects were
placed in front of the participant for this task only.
Participants were instructed to physically perform the
hand action that was executed in the video for the dura-
tion of the trial.
For the training-observation task, trials consisted of
a 1000 ms ﬁxation cross, then a 10,000 ms video clip,
ending with a 2000 ms blank screen. On 10% of trials,
the trial ended with a 500 ms blank screen, followed by
a 1000 ms screen showing three stars (***), and a 500 ms
blank screen. On another 10% of trials, the trial ended
with a 500 ms blank screen, followed by a 1000 ms screen
showing two arrows (< >), and a 500 ms blank screen.
Participants were told that they would see something
after some videos and would be asked a question about
this following the task. This “light” cognitive task was
utilized to keep participants engaged with the videos in
the observation task (see Hobson & Bishop, 2017).
For both training tasks, the repetition frequency for
each hand action video was varied (either 50 trials, 40
trials, 30 trials, 20 trials, 10 trials, or not at all).
Participants were assigned to one of six versions of
the experiment, which ensured that the combination
of hand action and training frequency was counterba-
lanced. Trials were presented in a randomized order,
across ﬁve blocks of 30 trials, with a self-directed break
in-between blocks. In total, there were 150 training
trials, and both training tasks lasted approximately
30 min.
Post-training task
The post-training task was identical to the pre-training
task.
EEG recording and analysis
Electroencephalographic (EEG) activity was recorded from
30 active electrodes using a Brain Vision Quickamp ampli-
ﬁer system with an ActiCap cap referenced to FCz, and
Ground placed at AFz. Vertical electrooculogram (VEOG)
was recorded from an electrode below the right eye, and
horizontal electrooculogram (HEOG) was recorded from
an electrode to the left of the left eye. EEG and EOG
recordings were sampled at 1000 Hz, and electrode impe-
dance was kept below 10kΩ.
First, a vertical ocular calculation was applied (1*Fp2
+(−1*VEOG)), then all data were re-referenced to
a common average reference. EEG and EOG activity
were band-pass ﬁltered (0.1–70 Hz, notch ﬁlter at 50 Hz).
Data were visually inspected for noisy sections or chan-
nels, and for other general artifacts. EEG activity contain-
ing blinks was corrected using a semi-automatic ocular
ICA correction approach (Brain Vision Analyzer 2.1). An
average of three ICA components were removed in both
the pre- and post-test per individual dataset.
The 2 min resting EEG data pre- and post-training
was then cut into 2 s epochs (starting 0–2000 ms).
Semi-automatic artifact detection software (Brain
Vision Analyzer 2.1) was run, to identify and discard
segments with non-ocular artifacts (drifts, channel
blockings, EEG activity exceeding ± 50µV). A fast-
Fourier transformation was then applied to the seg-
ments, with a 10% Hanning window. The average
alpha (8–13 Hz) and beta power (13–35 Hz) at rest
pre- and post-training was then calculated for each
electrode of interest. Overall, there was an average
trial loss of 3.4% for the pre-test resting EEG and 6.5%
for the post-test resting EEG, with an average of 58 (out
of 60) pre-test baseline segments and 56 (out of 60)
post-test baseline segments retained per participant.
The pre- and post-training task trial data segments
(all hand actions and static hand trials) were cut into 2
s epochs (500–2500 ms from stimulus onset), and
further divided by the number of repetitions that
hand action received in the training task (0, 10, 20, 30,
40, 50 repetitions). Semi-automatic artifact detection
software was run to identify and discard segments
with non-ocular artifacts (drifts, channel blockings, EEG
activity exceeding ± 50µV). A fast-fourier transformation
was then applied to the segments, with a 10% Hanning
window. There was an overall data loss of 6.1% for the
pre-test hand action trials and 5.8% for the post-test
hand action trials, with an average of 56 (out of 60) pre-
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test hand action trial segments and 57 (out of 60) post-
test hand action trial segments retained per participant.
There was an overall data loss of 4.7% for the pre-test
static hand trials and 6.2% for the post-test static hand
trials, with an average of 29 (out of 30) pre-test hand
action trial segments and 28 (out of 30) post-test hand
action trial segments retained per participant.
For the power analyzes, the average alpha (8–13 Hz)
and beta (13–35 Hz) power for each condition was
calculated for the electrodes of interest over the sen-
sorimotor (C3, Cz, C4) and occipital electrodes (O1, Oz,
O2). A measure of the percentage change in power for
each condition (test: hand action or static hand) relative
to the pre/post resting EEG (reference) was calculated
for each electrode of interest for both alpha and beta
bands. The following formula was used (reference-test
/reference) x 100. Positive values indicate alpha and
beta desynchronization and negative values indicate
alpha and beta synchronization.
Results
All data and code used for these analyzes are available
at https://osf.io/2upbj.
First, to investigate whether training elicited distinct
brain responses to action observation, we ran a pre-
registered 2 × 2 × 2 × 2 repeated-measures ANOVA
(https://osf.io/6rbu8/), with time (pre, post), condition
(hand action, static hand), and electrode site (central,
occipital) as within-subjects variables, and training
group (observation, execution) as a between-subjects
variable. The dependent variables were alpha and beta
desynchronization values (as described in the Methods).
The resulting mean percentage change in power from
pre- to post-test for hand action observation and static
hand observation over the central and occipital elec-
trode sites for both training groups can be seen in
Figure 1.
Results revealed a signiﬁcant main eﬀect of condi-
tion in both the alpha (F (1, 58) = 202.57, p < .001, ηp
2 =
.777) and beta bands (F (1, 58) = 225.21, p < .001, ηp
2 =
.795), showing signiﬁcantly greater alpha and beta
desynchronization during hand action observation
(alpha M = 24.7%; beta M = 15.5%) compared to static
hand observation (alpha M = 5.8%; beta M = 2.0%).
A signiﬁcant main eﬀect of electrode site was found
for both the alpha (F (1, 58) = 19.78, p < .001, ηp
2 = .254)
and beta band (F (1, 58) = 8.15, p = .006, ηp
2 = .123),
indicating greater power over the occipital electrodes
(alpha M = 21.5%; beta M = 11.5%) compared to the
central electrodes (alpha M = 9.0%; beta M = 6.0%).
There was also a signiﬁcant main eﬀect of group for
Figure 1. Percentage change from pre- to post-test for hand action observation and static hand observation in a) central alpha, b)
occipital alpha, c) central beta, and d) occipital beta power for both training groups.
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the alpha band only (F (1, 58) = 4.40, p = .040, ηp
2 =
.070), with the execution training group exhibiting sig-
niﬁcantly greater alpha power overall (alpha M = 21.1%)
than the observation training group (alpha M = 9.4%).
All other main eﬀects were non-signiﬁcant (all
ps > .113).
There was a signiﬁcant two-way interaction between
condition and electrode in the beta band only (F (1, 58)
= 10.78, p = .002, ηp
2 = .157). The action-static diﬀer-
ence was signiﬁcantly greater over the central site
(beta M = 15.5%) than over the occipital site (beta M
= 11.5%; t (59) = 3.30, p < .001). There was also
a signiﬁcant two-way interaction between time and
condition in the alpha band only (F (1, 58) = 4.96, p =
.030, ηp
2 = .079). This interaction was subsumed under
a signiﬁcant three-way interaction between time, con-
dition and group in the alpha band (F (1, 58) = 12.25, p
= .001, ηp
2 = .174), which was also signiﬁcant in the
beta band (F (1, 58) = 4.13, p = .047, ηp
2 = .066). All
other interactions were not signiﬁcant (all ps > .104).
To further examine the source of the three-way
interaction between time, condition and group, two
follow-up exploratory one-way ANCOVA analyses were
performed for each condition with training group as
a between-subjects variable, and pre-training task
alpha or beta power as a covariate. The dependent
variable was a diﬀerence score, calculated for each
participant by subtracting the percentage change in
power during the pre-training period from the percen-
tage change in power during the post-training period,
separately for alpha and beta power bands, averaged
across the central and occipital electrodes.
Results for alpha power in the hand action condition
revealed a signiﬁcant diﬀerence in pre- to post-training
between the training groups (F (1, 58) = 6.81, p = .012,
ηp
2 = .105), when adjusting for pre-training task alpha
power. One-sample t-tests conﬁrmed that alpha power
activity to the hand action signiﬁcantly increased from
pre- to post-training in the execution training group (M
= 7.8%; t (29) = 2.33, p = .027), but did not change in
the observation training group (M = −3.4%; t (29) =
−1.27 p = .251). For the static hand condition, pre- to
post-training alpha power did not diﬀer between the
training groups (F (1, 58) = 0.08, p = .782, ηp
2 = .001),
and neither showed a signiﬁcant change from pre- to
post-training (execution M = −2.7%; observation M =
−1.1%; all ps > .564).
Results for beta power revealed no signiﬁcant diﬀer-
ence in pre- to post-training task between the training
groups for either condition (hand action: F (1, 58) = 1.97, p
= .166, ηp
2 = .033; static hand: F (1, 58) = 0.01, p = .919, ηp
2
< .001), when adjusting for pre-training task beta power.
Thus, to further examine the source of the three-way
interaction for beta power, two 2 (condition: hand action,
static hand) × 2 (group: execution training, observation
training) ANOVAs were performed separately for the pre-
and post-training task. Results revealed that the condition
by group interaction was signiﬁcant only at post-training
(pre: F (1, 58) = 0.62, p = .805, ηp
2 = .001; post: F (1, 58) =
4.55, p = .037, ηp
2 = .073), indicating that the post-training
action-static diﬀerence was signiﬁcantly greater in the
execution training group (betaM = 15.8%) than the obser-
vation training group (beta M = 11.5%; t (58) = 2.13, p
= .037).
Number of action repetitions during training
To examine whether and how the number of action
repetitions during training inﬂuences sensorimotor
activity, a diﬀerence score was calculated for each par-
ticipant by subtracting the percentage change in power
for the static hand condition from the percentage
change in power for each hand action repetition fre-
quency (0, 10, 20, 30, 40, 50) during the post-training
task, separately for alpha and beta power bands and
across the central electrodes, as per the pre-registered
analyses (https://osf.io/6rbu8/). Mean action-static dif-
ference scores per participant in each training group
are displayed in Figure 2 for each of the six repetition
frequencies.
Two repeated-measures ANOVAs were conducted
separately for each power band (alpha, beta), with the
mean action-static diﬀerence score as the dependent vari-
able, action repetition frequency as a within-subjects factor
(6 levels; 0, 10, 20, 30, 40, 50 repetitions during training),
and training group as a between-subjects factor (execu-
tion, observation).1 The main eﬀect of repetition frequency
was not signiﬁcant for either power band (alpha: F (5, 346)
= 0.19, p = .966, ηp
2 = .002; beta: F (5, 347) = 0.22, p = .954,
ηp
2 = .003). The main eﬀect of training group was signiﬁ-
cant (alpha: F (1, 346) = 26.77, p< .001, ηp
2 = .069; beta: F (1,
347) = 9.62, p = .002, ηp
2 = .027) indicating that the
execution group had signiﬁcantly greater action-static dif-
ference in power during the post-training task (alpha M =
27.1%, beta M = 18.2%) as compared to the observation
group (alphaM = 16.5%, betaM = 14.2%). Importantly, the
interaction between repetition frequency and training
group was not signiﬁcant for either power band (alpha =
1The pre-registered analyses speciﬁed bivariate Spearman’s correlations to examine the relationship between repetition frequency and the action-static diﬀerence
in power during the post-training task for each training group. However, an ANOVA approach was deemed more appropriate for the types of variable (i.e.,
categorical and continuous). To note, the same data analyzed with Spearman’s correlations indicated no relationship between repetition frequency and the
action-static diﬀerence in the post-training task for either training group in both power bands. These analyses can be found at https://osf.io/6rbu8/.
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F (5, 346) = 0.71, p = .616, ηp
2 = .009; beta = F (5, 347) =
0.83, p = .532, ηp
2 = .011), indicating no modulation of
repetition frequency during training on mirror neuron
activation to action observation.
Discussion
The current pre-registered study sought to examine
whether short-term training via physical rehearsal or
observational learning elicit distinct changes in mirror
neuron activity for unfamiliar hand actions, and whether
these training eﬀects are inﬂuenced by degree of famil-
iarity (i.e., the frequency of action repetitions during
training). Given that the mirror neuron system has been
proposed as an important mechanism to facilitate social
cognition (Gallese, Keysers & Rizzolatti, 2004), learning
eﬀects would provide new insights into the neural basis
of understanding others’ actions and intentions. Thirty
individuals completed execution training and 30 indivi-
duals completed observation-only training. We measured
pre- and post-training alpha (8–13 Hz) and beta (13–35
Hz) desynchronization to the observation of short video
clips depicting hand actions or a static hand as an EEG
marker of mirror neuron activity across the sensorimotor
cortex. Results revealed greater alpha and beta desyn-
chronization across the sensorimotor cortex during hand
action observation compared to static hand observation,
in support of our predictions and the mirror neuron
hypothesis. More importantly, this activation was modu-
lated by training. Speciﬁcally, alpha desynchronization to
hand action observation increased from pre- to post-
training in the execution training group only; the obser-
vation group showed no change from pre- to post-
training. In addition, the action-static diﬀerence in beta
power was greater after training in the execution training
group compared to the observation training group.
Finally, post-training alpha and beta desynchronization
were not inﬂuenced by the number of training repeti-
tions, suggesting that the training eﬀects described
above reﬂect an enhancement in general action proces-
sing, rather than speciﬁc motor representations.
Previous studies that have examined the eﬀect of
expertise on mirror neuron activity have reported greater
activation during action observation when the observer is
an expert in performing that action as compared to
a novice, such as for dancers (Calvo-Merino et al., 2005,
2006). In addition, two studies have examined the eﬀects
of training interventions among non-expert participants,
and have revealed contrasting ﬁndings following physical
rehearsal and observational learning. Using fMRI, Cross
et al. (2009b) showed that active and passive training
over a ﬁve-day period elicited overlapping increases in
activation over the mirror system compared to unfamiliar,
untrained stimuli. In contrast, Cannon et al. (2014) found
that active experience using a tool modulates the mirror
neuron system (alpha activity) more than passive
Figure 2. Mean action-static diﬀerence across the central electrodes in the post-training task for each training repetition frequency
for both training groups in a) alpha and b) beta power. The square point represents the mean data for each training repetition
frequency by training group and the circle point represents individual data.
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observation experience. The current study adopted
a more strictly controlled design, and a shorter and
more intensive training period, to distinguish eﬀects
from active versus passive motor action training on sen-
sorimotor cortex activity. Overall, our ﬁndings comple-
ment these previous ﬁndings by showing that activity in
themirror neuron system can be “trained” through experi-
ence. Moreover, we have provided the ﬁrst evidence that
these training enhancement eﬀects can be elicited follow-
ing just 30 min of training with unfamiliar actions. Our
results also make an important contribution to debates
about whether active and passive experience with actions
modulates activity over a common network in the mirror
system. Here we showed that short-term training eﬀects
on the mirror neuron system emerge only following phy-
sical experience with goal-directed actions, but not when
participants merely observed the action being performed.
This ﬁnding is consistent with the eﬀects found in Cannon
et al. (2014), despite the very diﬀerent designs and con-
trols. It provides support for a mirror system expertise
account in which action experience increases mu desyn-
chronization to actions signifying greater expertise in
action understanding even after a single training session.
Moreover, when considered alongside Cross et al. (2009b)
who showed comparable eﬀects following 5 days of
active and passive training, our speciﬁc training eﬀects
suggest that observation training eﬀects take longer to
emerge than physical training eﬀects. Thus, a testable
prediction for future work is that specialization of the
mirror system to new actions can be sped up through
physical experience with motor actions, though the same
level of expertise can be reached through sustained
observational learning.
Another important ﬁnding from the current study is that
the number of repetitions during the training period did
not modulate the activation of the mirror system after
training for either execution or observation-only training.
In fact, even an action that was never presented during
training elicited comparable sensorimotor activity at post-
test to an action that was repeated 50 times. This ﬁnding of
an overall increase in activation in themirror neuron system
after executing the unfamiliar actions therefore suggests
that physical rehearsal of actions during training elicits an
enhancement of general processes involved in action
understanding, rather than encoding speciﬁc motor repre-
sentations. Thus, activity in the mirror neuron system (at
least, recorded via EEG) does not appear to be sensitive to
the degree of familiarity/expertise that an individual has for
a speciﬁc motor action. In addition, the fact that activation
across the sensorimotor cortex increased after execution
training for untrained actions suggests that physical rehear-
sal initiated a transfer of training eﬀect. An outstanding
question is whether this transfer of training eﬀect also
generalizes to completely novel actions (i.e., unfamiliar
actions not shown in the pre-training task).
Eﬀects of execution training can be more closely
compared with those reported by Cannon et al.
(2014). Speciﬁcally, we showed that active training
modulated sensorimotor activity in both the alpha
and beta bands, while Cannon et al. found that eﬀects
of active training were speciﬁc to the alpha rhythm, and
not the beta rhythm. They suggested that this was due
to the short-term exposure to training that the beta
rhythm is sensitive to more complex actions, or that
the beta rhythm is too localized and motor learning
depends on a more global network. Our results contra-
dict this proposal by showing eﬀects in the beta band
with an even shorter exposure duration (i.e., both stu-
dies included ~150 action repetitions, but either spread
over 9 months or 30 min). We relate our results in the
beta band to motor preparation and selection pro-
cesses (Doyle, Yarrow, & Brown, 2005). Consequently,
the more rigorous execution training in this study pro-
vided speciﬁc motor experience about when and what
to move to perform the action, and this intensive motor
training caused motor selection processes to be more
activated when observing these actions after training.
The current study has clear implications for the sensor-
imotor learning hypothesis. The sensorimotor learning
hypothesis suggests that the development of the human
mirror system is experience-dependent; we learn to under-
stand the actions of others through experiencing sensory
and motor representations of those actions in an associa-
tive manner (Heyes, 2001). This study provides support for
the sensorimotor learning hypothesis as experience with
both sensory input and motor output in the execution
training, as compared to sensory-only in the observation
training, led to an increase in activity in the sensorimotor
cortex. Therefore, experiencing these sensory inputs and
motor outputs in an associative way led to increased activ-
ity in the mirror system, suggesting that sensorimotor
learning took place over the training period. This ﬁnding
is also consistent with a study by Catmur et al. (2007) in
which they measured the functioning of the mirror system
before and after compatible (i.e., observe index-ﬁnger
movement, perform index-ﬁnger movement) and incom-
patible sensorimotor training (observe index-ﬁnger move-
ment, perform little-ﬁnger movement). In support of the
sensorimotor learning hypothesis, this incompatible train-
ing altered the brain’s response to action observation after
training, yet the compatible training produced an unal-
tered response. Taken together, these two studies suggest
that sensorimotor learning depends on the contingency
between action observation and execution. Nevertheless,
we did not ﬁnd that the number of training repetitions
impacted on sensorimotor cortex activation, somewhat
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against the predictions of the sensorimotor learning
hypothesis. Conceivably, the general experience of a large
number of contingencies between action observation and
execution during training may have led to an overall
increase in sensorimotor cortex activation. We propose
that the development of the mirror system depends on
experiencing a vast number of sensory-motor associations
and that these learned associations can then be applied to
understanding numerous actions. However, a limitation of
the current study is that the desynchronization to hand
actions was measured immediately after training, and as
such, we cannot infer the longevity of the training eﬀect.
In conclusion, we have provided evidence in support of
themirror neuron hypothesis, as sensorimotor activation in
the alpha and beta bands was greater when observing
hand actions compared to static hands. More importantly,
we have shown that short-term active experience with
hand actions enhances activity over the sensorimotor cor-
tex, whereas this activity is not altered by passively obser-
ving actions. In addition, degree of familiarity did not
modulate sensorimotor cortex activation after training, sug-
gesting that training enhances general processes involved
in action understanding, rather than speciﬁc motor repre-
sentations. These ﬁndings show that sensorimotor experi-
ences are crucial for the development of themirror system,
and even amaturemirror system is experience-dependent.
Thus, themechanisms that underlie social understanding in
the real world can be enhanced through active learning.
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